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[Formation Control of Swarm in Two-dimensional Manifold: Analysis and Experiment]
(ZRTEHEICH T BB OFIE : B & EKER)
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My research delves into the intricate interplay between Wireless Sensor Networks (WSNs) and
Swarm Intelligence (SI), investigating their confluence.

WSNs have gained considerable attention due to their ability to provide pervasive situational
awareness, finding applications across diverse domains such as structural health monitoring and
habitat surveillance, among others. Nevertheless, WSNs frequently encounter energy constraints,
particularly in challenging environments. In response, the concept of clustering has emerged as a
pivotal technique for devising energy-efficient algorithms.

While existing WSN clustering algorithms have predominantly focused on protocol enhancements
to accommodate scalability, fault tolerance, and data aggregation, this thesis introduces a fresh
perspective. Drawing inspiration from the realm of Swarm Intelligence (SI), where simple agents
collectively manifest intricate behaviors, it advocates for a paradigm shift. Specifically, my research
proposes the analysis of evolving swarm formations as a mechanism to extract pertinent
environmental insights, thereby mitigating energy-intensive data transmission and obviating the
dependence on a central Base Station (BS). The central notion revolves around conceptualizing the
external environment as an (n — 1) -dimensional Riemannian manifold, defined by the solutions to
the equation F (x1,...,x,) =0, where F is a C o function.

By observing the change in swarm formation within the S

manifold, using the geodesic deviation equation, we can R
estimate the curvature of the manifold, providing
valuable information about the external potential. The

figure on the right exemplifies the algorithm's efficacy in

sectional curvature

estimating curvature on an unknown manifold through
swarm formations. Red denotes the algorithm's estimated

curvature, while blue represents the actual curvature.

40

Furthermore, my research addresses swarm formation position cites 0 o position cites
control within the Riemannian manifold M. This
formation control problem is reframed as a trajectory estimation issue, encapsulated within a leader-
follower framework. The research leverages Koopman operator theory and Extended Dynamic Mode
Decomposition (EDMD) techniques to predict follower
trajectories and offer guidance to the followers, leading to
enhanced formation control efficiency.

Additionally, my research validates theoretical formulations
through practical experiments involving mobile robots. Figure
on the left show robots used for experiment. By bridging
theoretical constructs with tangible empirical results, this
research contributes to the advancement of formation control

strategies.
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[Digital Active Gate Drive System for Silicon Carbide Power MOSFETs|
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[Study on error estimation of the Cauer ladder network method]
(B 7ERREDREHE (CEEY 5 %)
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[Theoretical Study on the Nonlinear Model Order Reduction Method and Its
Application to Motor Analysis]
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[Study on nonlinear transport and optical phenomena under inversion symmetry
breaking]
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L72F v ANy VBT 5 linear injection current VB ICBWTH A ¥ R — VRhHH kK
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[High-Field Transport at Heavily-Doped SiC Schottky Contacts and Formation of
Non-Alloyed Ohmic Contacts|
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[Studies on Data-Driven Discourse Relation Recognition toward Natural Language
Understanding]
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[Advancing Dialogue Systems through Corpus Construction Focusing on User
Internal States and External Knowledge]
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[Studies on Subword-based Low-Resource Neural Machine Translation:
Segmentation, Encoding, and Decoding]
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In a world rich with diverse ideas and cultures, humans are isolated into islands of distinct languages.
Machine translation (MT) serves as a bridge, facilitating information access and cross-lingual
communication. While neural machine translation (NMT) systems achieve near-human performance
in high-resource languages, it is important to note that the majority of 7,100+ languages in the world
are low-resource and have not benefitted significantly from the advancements in machine translation,
leading to a substantial disparity among languages.

This thesis aims to improve the existing subword-based NMT systems to enhance the translation
quality of low-resource language pairs. It begins with historical background of machine translation
from rule-based systems to large language models. It then introduces the basics of subword-based
NMT, including the motivation for using subwords, and the subword-based NMT model architecture.

Three challenges related to using subwords explored include 1) suboptimal subword segmentation,
2) ignoring multiple perspectives of one word during encoding, and 3) inaccurate word-probability
estimation during decoding. This thesis proposed novel solutions to them: 1) linguistically motivated
efficient neural subword segmenter, 2) exploiting diverse segmentations from multiple subword
segmenters, and 3) merging the probabilities of segmentations that form the same word during
decoding.

This thesis improves the performance of MT systems especially in low-resource scenarios by
addressing three challenges related to subwords. The final chapter summarizes the thesis and

outlines the possible directions for future work.

Three Challenges
in Subword-based NMT

| l

Challenge 1: 0 :)Zlhalle;ge 2: Challenge 3: N
Ambiguous Segmentation -navle to epresent Inaccuracy Probability
Multiple Perspectives of One Estimation During Decoding
| Word by One Segmentation

l l

Chapter 2: Chapter 3: Chapter 4: Chapter 5:
Maximizing Generation Maximizing Generation Exploiting Diverse Merging Subword
Probability by Self- Probability Based on Segmentations from Multiple Segmentations that Form the
supervised Training Semantic Meaning from BERT Subword Segmenters Same Word During Decoding

Figure 1: An overview of the three challenges and the proposed solutions included in this thesis.

45



No.5b3

Zhuoyuan Mao (EfE#HkX HEHR)

[Breaking Language Barriers: Enhancing Multilingual Representation for Sentence
Alignment and Translation]

BRENEZBAD  XDT7I7A4 A MEBROE-ODDEEERENDUE)
SHM6EI A2 ARE

This thesis embarks on a comprehensive exploration of multilingual representation learning,
addressing the three identified challenges within this domain: (1) high computational demands, (2)
data scarcity and (3) limitations in Transformer architecture, with a specific focus on sentence
alignment and translation tasks. These tasks are essential in the broader context of multilingual NLP,
enabling machines to understand and translate across diverse human languages with increased
proficiency and efficiency.

To address the high computational demand accompanying the expansion of multilingual model
language coverage, we proposed an efficient and effective multilingual sentence embedding (MSE)
model, which employs cross-lingual token-level reconstruction and sentence-level contrastive learning
as training objectives, allowing for efficient MSE model training with significantly less training data
and computation. We also introduced a new knowledge distillation method for MSE models to
streamline the inference process, successfully developing robust, low-dimensional MSE models for 109
languages.

To tackle the challenge of data scarcity in low-resource languages, this paper proposes new pre-
training objectives for low-resource NMT. Specifically, to compensate for the lack of training data, we
proposed phrase structure-based masked language modeling and reordering tasks. Additionally, we
introduced word-level contrastive learning for low-resource NMT utilizing statistical word
alignments, improving translation performance without requiring high-quality bilingual dictionaries.
The new approach, AlignInstruct, was also introduced, enhancing translation accuracy in low-
resource languages for large language models through word alignment-based instruction tuning.

To address the limitations in Transformer model architecture for zero-shot NMT, we initially
proposed a new Transformer architecture that constructs interlingual representations on top of the
Transformer encoder, significantly improving the performance for zero-shot NMT over conventional
Transformer architectures. We also comprehensively examined the effects of layer normalization in
zero-shot NMT, finding that post-layer normalization consistently outperforms pre-layer
normalization, indicating the importance of post-layer normalization settings in zero-shot NMT
regardless of the model configuration.

Core NLP Domain of the Thesis
Multilingual Representation Learning

! '

Fundamental Task 1 Fundamental Task 2
Multilingual Sentence Embedding Learning Multilingual Neural Machine Translation

l—l f | 1

Key Qhal\enge 1: High Key Challenge 2: Key Challenge 3: Limitations in Transformer
Computational Demands when L X .
. Data Scarcity in Low-resource Languages architecture for Zero-shot Translation
Expanding Language Coverage
! ! ' i !
Chapter 2: Efficient Chapter 3: Lightweight Chapter 4 Chapter 5: Word-level Chapter 6: Tuning Chapter 7: Variable- Chapter 8: The Setting

and Effective Linguistically-driven length Neural

L Multilingual Sentence : L Contrastive Learning LLMs with Alignment h of Transformer Layer
Training Method Embedding Learnin, Multi-task Pre-training for Low-resource Instructions for Low- Interlingua Normalization Impacts
for Multilingual ading 9 for Low-resource ; ; Representations for pa
X for Efficient Inference . Translation resource Translation N Zero-shot Translation
Sentence Learning Translation Zero-shot Translation

Figure 1: An overview of the three challenges and the proposed solutions included in this thesis.
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[Reflectance Maps for Non-Lambertian 3D Reconstruction]
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[In-Band Full-Duplex Transmission for Next Generation Mobile Communication]
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[Wide-area broadband private wireless communication system|
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[Fault-Resilient Resource Allocation in Network Function Virtualization]
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The thesis delves into the transformative potential of Network Function Virtualization (NFV),
which fundamentally shifts the architecture of traditional networks by decoupling network functions
from dedicated hardware. By virtualizing these functions into virtual network functions (VNFs),
NFV allows for dynamic scaling, reduces the costs associated with hardware updates, and facilitates
the creation of tailored service function chains (SFCs) for customized services.

As the complexity and volume of network functions continue to grow, manual deployment and
management become increasingly challenging. The thesis underscores the necessity for automated
management and deployment through NFV orchestration engines like Kubernetes, which are crucial
for maintaining the robustness and efficiency of modern networks. The core objective of the research
1s to enhance network fault tolerance and minimize the degradation of service quality due to
hardware or software failures.

The thesis presents several innovative models and approaches for optimizing VNF allocation:

e A model is developed to maximize the continuous availability of SFCs, aiming to reduce
service interruptions by effectively managing node unavailability. This is approached through
an Integer Linear Programming (ILP) model complemented by a heuristic algorithm that
offers a balance between optimal performance and practical applicability.

e A primary and backup VNF placement model is proposed to minimize service disruptions
caused by node unavailability. This model leverages backup functions that are strategically
activated to maintain service continuity, enhanced by an algorithm that identifies and
mitigates critical unavailability bottlenecks.

* The robust optimization model addresses the allocation of VNFs in scenarios with uncertain
node availability. By designing a framework that can adapt to different levels of uncertainty,
this model ensures maximum service continuity and employs heuristic algorithms to manage
the complexity of large-scale network environments.

e To reduce end-to-end latency and ensure high resilience, another model is designed for the
allocation of VNFs in SFCs. This model, which incorporates fault tolerance and diverse service
requirements, selects suitable replicas from pools to manage various failure scenarios
effectively, supported by approximate methods that reduce computational demands.

e The dynamic VNF allocation model is tailored for scenarios with randomly arriving and
changing service requests. It ensures sufficient processing capabilities even in the event of
multiple node failures, utilizing a reinforcement learning approach to optimize the allocation
process in real time.

Furthermore, the thesis demonstrates the practical implementation of these models in Kubernetes,
showcasing how the orchestration engine can enhance automatic VNF deployment and management.
Custom resource controllers are introduced, improving resource utilization and responsiveness to
service demands, thereby showcasing the feasibility and efficiency of the proposed solutions in real-
world applications.

Overall, the thesis not only highlights NFV's capability to revolutionize network management but
also provides a robust framework for tackling the complexities of modern networks. The proposed
models and solutions improve resilience, flexibility, and efficiency in network services, potentially
influencing future developments in network architecture and paving the way for more automated
and adaptive network management systems.
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[Resource Allocation in Network Function Virtualization with Workload-Dependent
Unavailability

(BEMEKEORTRHMEEFES 2 v b7 — 7 H#EERBEICE T2 HEIEEIY 4 T)
SHM6FE5A23HERE

Network Function Virtualization (NFV) represents a significant shift in network services by
moving from dedicated hardware to virtualized functionalities, thereby reducing the constraints and
expenses associated with traditional systems. By enabling the pooling of computational resources,
NFV enhances scalability, flexibility, and cost efficiency. It allows traditional network functions such
as firewalls and load balancers to be virtualized on virtual machines and containers, highlighting the
critical importance of efficient resource allocation for optimizing network performance and ensuring
reliable service availability.

Effective management of these resources boosts the overall efficiency and responsiveness of
network services, maintaining continuous functionality. However, challenges such as node failures
and the selection of appropriate resource backup strategies complicate the reliability and continuity
of services. Resource backups, including cold and hot backups, are essential for minimizing recovery
times and downtime, necessitating innovative strategies to balance resource sharing, recovery speed,
and overall availability.

This doctoral thesis tackles these challenges by introducing sophisticated optimization models and
algorithms aimed at improving service quality. The research includes detailed numerical experiments
and analysis to evaluate the effectiveness of the proposed methodologies, which consider factors like
workload-dependent unavailability, recovery priorities, fault tolerance, load balancing, and the
complexities of shared protection. The insights provided elucidate the potential trade-offs and
performance enhancements achievable through these innovative methodologies.

The thesis outlines several key models and strategies:

*  Optimization of Resource Allocation: It proposes a model that uses workload-dependent failure
probabilities to optimize primary and single backup resource allocation, thereby minimizing
the maximum expected unavailable time (MEUT). This model incorporates both hot and cold
backup strategies to provide flexibility and efficiency in resource management.

* Multiple Backup Resource Allocation: This model extends the approach to multiple backup
resources under a protection priority policy, analyzing its impact on improving MEUT and
providing robust solutions against node failures.

¢ Advanced Fault Tolerance and Load Balancing: This model introduces a resource allocation
strategy with preventive recovery priority to minimize unavailable probability due to multiple
failures, addressing both unsuccessful recovery and maximum unavailable probability post-
recovery among nodes. It enhances the recovery strategy at operation start, adapting to
workload variations upon failure detection. This comprehensive model optimizes resource
allocation and integrates load balancing into the recovery process, significantly boosting the
system’s ability to maintain service quality under stress.

¢ Robust Function Deployment: The thesis also addresses challenges associated with uncertain
recovery times by developing a model that guarantees expected recovery times in a cost-
efficient manner, taking into account shared protection and recovery time uncertainties.

Additionally, the thesis bridges the gap between theoretical research and practical application by
implementing these models in a Kubernetes environment. It designs a custom resource and
controller to effectively manage primary and backup resources, ensuring optimal resource allocation
and maintenance of service continuity. This includes a two-layer controller structure that achieves
prompt and optimal function deployment and management, demonstrating the practical viability and
effectiveness of the proposed solutions.

In conclusion, the thesis significantly advances the field of NFV by developing sophisticated models
for resource allocation that not only enhance theoretical understanding but also provide robust
solutions for practical implementation, thus facilitating significant advancements in modern network
management.
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[Lightpath Provisioning in Elastic Optical Networks |
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[Leakage-Current-Aware Layout Design of DNTT-Based OTFTs and Its
Applications to Digital Circuits]
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[A study on heavy ion-induced single event effects for radiation-tolerant FPGA
development]
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[Design and Reliability Analysis of System-on-Chips for Artificial Intelligence
Applications at the Edge]
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The field of Artificial Intelligence (AI) has advanced significantly, but the reliance on cloud-based
solutions presents challenges like high latency and bandwidth requirements. Edge AI computing
addresses these issues by enabling local data processing. However, Neural Networks (NNs) with
millions of weights and activations demand substantial computational resources, memory, and
hardware overhead. On-chip memories, essential for these applications, are particularly vulnerable to
radiation-induced soft errors, leading to data corruption and reliability concerns. This is critical for
safety-critical applications such as autonomous vehicles, medical devices, and industrial systems,
where high reliability and computational efficiency are imperative.

This dissertation focuses on energy-efficient, reliable Al System-on-Chips (SoCs) for edge
applications. By leveraging approximate computing, mixed-precision (MP) methods, and Neural
Architecture Search (NAS), the work optimizes performance, reduces memory footprint, and
minimizes hardware resource consumption. Approximate Multiply-and-Accumulate (MAC)
operations and systolic data flow enhance computational efficiency, while near-memory computing
(NMC) addresses the limitations of traditional architectures. Reliability challenges are tackled by
analyzing soft error impacts on NNs, emphasizing that not all errors are catastrophic due to the fault-
tolerance of weights and activations. Comprehensive fault injection (FI) and radiation experiments
offer insights into error detection and mitigation. The dissertation introduces three AI accelerators
targeting convolution, pooling, and transformer operations. A multi-bit-width (MBW) Booth
accelerator supports INT2/4/8 computations, achieving significant power efficiency improvements on
FPGA and ASIC platforms. A sparse accelerator optimizes performance by leveraging NN sparsity,
and a Booth-value-confined MP accelerator with NMC-friendly data flow enhances energy efficiency.
These accelerators are integrated into SoCs, including a high-performance FPGA-based SoC, a 22nm
edge AI ASIC, and a multi-core multi-mode SoC with dual-core lock-step (DCLS) for fault tolerance.
The designs achieve power efficiency up to 29.11 TOPS/W and support versatile computations with
integrated debugging features. Meanwhile, reliability assessments highlight vulnerabilities, such as
the susceptibility of control and status registers (CSRs) and Instruction/Data Tightly Coupled
Memory (I/DTCM) to soft errors, particularly in low-precision INT2/4 layers. While weights and
activations show minimal impact on system failures, misclassification errors increase with reduced
precision. Radiation and FI experiments confirm the importance of error-resilient designs,
emphasizing the need for mitigation strategies in safety-critical applications.

Overall, this dissertation aims to achieve energy-efficient AI SoC designs with necessary and
sufficient reliability consideration, providing valuable insights for designing reliable and energy-

efficient hardware at the edge.
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[Computational Modelling and Neural Mechanisms of Hierarchical Inference and
Decision-making in Partially-observable Environments|
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[Exploring the Optical Properties of Two-Dimensional Transition Metal
Dichalcogenides Moiré Superlattice]
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[Study on the plasma waves observed by single spacecraft interferometry in the
terrestrial inner magnetosphere]
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[Study on Impacts of Geomagnetic Disturbances on Power Systems|
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Geomagnetic disturbances with respect to solar variations induce electric currents, flowing in
artificial long-length electric conductors, such as power lines and pipelines. This current is called
geomagnetically induced current (GIC). The GIC has a very low frequency, which can cause power
failures in the power systems due to direct current (DC) bias. This paper summarizes findings on
the impact of geomagnetic disturbances on power systems, obtained by using observations and
simulations of geomagnetic and geoelectric fields in response to different geomagnetic activities. The
main results are as follows:

1. Using the geoelectric field measured at the Kakioka Geomagnetic Observatory as a proxy for GIC,
we clarified the relationship between geomagnetic disturbances and the geoelectric field
variations for the three main types of geomagnetic activities in Japan: sudden commencements
(SCs), geomagnetic storms, and bay disturbances. We showed that the maximum amplitude of
the geoelectric field is largest during SC, followed by geomagnetic storms and bay disturbances,
and that there is a linear relationship between the maximum amplitude of geomagnetic
disturbances and the maximum amplitude of the geoelectric field variations, and derived the
proportionality constant. We performed extreme value analysis using the generalized extreme
value distribution (GEVD) method to obtain the maximum amplitude of the geoelectric field over
a 10-year return period and a 100-year period.

2. Based on global magnetohydrodynamic (MHD) simulations, we succeeded in reproducing the
geomagnetic disturbances that occurred in Canada in March 1989 when a widespread blackout
caused by GIC occurred. It was shown that the arrival of an interplanetary shock wave caused
the SC, which in turn caused a strong current called the main impulse (MI) current to flow in
the ionosphere, significantly disrupting the geomagnetic field and causing a widespread blackout
in Canada. A global map of geomagnetic disturbances was created in response to different solar
wind conditions to indicate areas with a high impact of GICs on the power grid. It is expected
that this will be used as a hazard map for evaluating GIC level in power systems.

3. Following up our previous simulations, we succeeded in identifying the cause of the field-aligned
currents (FACs) that increase with SCs and the region in which they are generated. We showed
the details of the entire physical process from the interplanetary shock wave compressing the
magnetosphere, to the FACs generated in the magnetosphere connecting with the ionosphere to
strengthen the ionospheric currents and disrupting the magnetic field on the ground, which
clarified the fundamental cause of the widespread blackout that occurred in Canada in March
1989.

The study clarified the characteristics of geoelectric field variations in Japan, as well as the
generation process of the ionospheric currents that flow in high-latitude regions due to SCs and the
field-aligned currents. It also derived an equation that relates geomagnetic disturbances and the
geoelectric field variations, and presented a global map of geomagnetic disturbances of SCs. This is
important knowledge from the perspective of protecting power equipment, which is expected to be
useful for power companies in evaluation of GIC risk in power systems.
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[Novel Rectenna Design Methods for Wireless Power Transfer Systems|
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[Novel Architectures and an Efficient Calibration Technique for Low-cost and High-
performance Phased Array Antennas|
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